Helicobacter pylori colonizes the acidic gastric environment, in contrast to all other neutralophiles, whose acid resistance and tolerance responses allow only gastric transit. This acid adaptation is dependent on regulation of gene expression in response to pH changes in the periplasm and cytoplasm. The cytoplasmic histidine kinase, HP0244, which until now was thought only to regulate flagellar gene expression via its cognate response regulator, HP0703, was found to generate a response to declining medium pH. Although not required for survival at pH 4.5, HP0244 is required for survival at pH 2.5 with 10 mM urea after 30 min. Transcriptional profiling of a HP0244 deletion mutant grown at pH 7.4 confirmed the contribution of HP0244 to 54 activation via HP0703 to coordinate flagellar biosynthesis by a pH-independent regulon that includes 14 flagellar genes. Microarray analysis of cells grown at pH 4.5 without urea revealed an additional 22 genes, including 4 acid acclimation genes (ureA, ureB, ureI, and amiE) that are positively regulated by HP0244. Additionally, 86 differentially expressed genes, including 3 acid acclimation genes (ureF, rocF [arginase], and ansB [asparaginase]), were found in cells grown at pH 2.5 with 30 mM urea. Hence, HP0244 has, in addition to the pH-independent flagellar regulon, a pH-dependent regulon, which allows adaptation to a wider range of environmental acid conditions. An acid survival study using an HP0703 mutant and an electrophoretic mobility shift assay with in vitro-phosphorylated HP0703 showed that HP0703 does not contribute to acid survival and does not bind to the promoter regions of several genes in the HP0244 pH-dependent regulon, suggesting that there is a pathway outside the HP0703 regulon which transduces the acid-responsive signal sensed by HP0244.
A unique feature of the neutralophilic bacterium Helicobacter pylori is its ability to survive and grow on the acidic surface of the stomach (21, 34, 37) , which is dependent on regulation of bacterial gene expression in response to pH changes in either the periplasm or cytoplasm. Crucial to this feature is the ability of the organism to buffer both the periplasm and cytoplasm. This is mainly achieved through the large quantities of urease expressed by H. pylori along with the urea channel, UreI, and a cytoplasmic and periplasmic carbonic anhydrase (7, 20, 35) . Efflux of NH 3 into the periplasm and generation of HCO 3 Ϫ in the periplasm allow both buffering and neutralization of protons transiting the outer membrane. Periplasmic buffering to a pH of ϳ6.1 allows this organism to mimic a relatively neutral pH environment in the presence of medium acidity that would otherwise prevent survival or growth. However, the cytoplasmic pH falls progressively in response to increasing environmental acidity, and it seems prudent for the organism also to regulate the cytoplasmic pH by either independent or convergent signaling. Further, there are other genes outside the urease operon that are regulated by environmental acidity that can also contribute to gastric colonization (2, 8, 23, 50) .
We call the responses of H. pylori that allow survival and growth at an acidic pH acid adaptation in order to contrast these responses with the acid tolerance and resistance responses of other neutralophiles that allow survival but not growth under acid conditions (12) . In addition, we designated a group of 12 genes that may contribute to pH homeostasis the acid acclimation group of genes. These genes include, for example, the genes of the urease operon and genes encoding amidases, arginase, asparaginase, and carbonic anhydrases (35) .
Two-component systems that consist of a sensor histidine kinase and a cognate response regulator are widespread prokaryotic signal transduction devices that allow regulation of cellular functions in response to changing environmental conditions (14, 26, 39) . Besides the chemotaxis proteins CheAY2 (HP0392), CheY1 (HP1067), CheV1 (HP0019), CheV2 (HP0616), and CheV3 (HP0393), H. pylori contains only three histidine kinases and five response regulators involved in transcriptional regulation (1, 44) .
One of the three complete two-component systems of H. pylori, HP1365-HP1364 (CrdRS), has been demonstrated to positively regulate the expression of the copper resistance determinant CrdAB-CzcAB in response to increasing concentrations of copper ions (46) . Although the sensor histidine kinase HP1364 (CrdS) has been reported to be required for acid resistance in H. pylori strain J99 when it is incubated at pH 5.0 (19) , HP1365-HP1364 (CrdRS) was found to be not involved in pH-responsive gene regulation in H. pylori strains 26695 and G27 (31) .
Another two-component system, HP0166-HP0165 (ArsRS), is known to mediate pH-responsive transcriptional control of the urease gene cluster and of other genes in the acid acclimation group (28-30, 48, 49) . These genes generate proteins that are capable of generating a buffer in response to acidification. This two-component system also regulates many other genes (28) . The histidine-rich input domain of the sensor his-tidine kinase HP0165 (ArsS) is in the periplasm, which allows a response to pH changes in this compartment.
H. pylori also needs to respond to changes in its cytoplasmic pH that occur at the acidic pH of its gastric habitat. The HP0703-HP0244 (FlgRS) two-component system is part of the regulatory network governing flagellar gene expression (24) . The HP0244 histidine kinase (FlgS) is the only cytoplasmic sensor protein in H. pylori, based on its domain structure deduced from the genome sequences (1, 44) . A previous study (19) showed that HP0244 (FlgS) was not required for survival of H. pylori strain J99 under acid conditions when it was exposed to pH 5.0. However, this organism is likely exposed to a considerably lower external pH than pH 5.0 in vivo, as shown by transcriptome analysis of organisms that live in the gastric environment (37) . The cytoplasmic location of HP0244 makes it a candidate for a molecule that mounts a response to a decrease in the cytoplasmic pH.
Here, we show that HP0244 is not required for acid survival at pH 4.5 but is required for survival at pH 2.5 even in the presence of 10 mM urea. Deletion of the H. pylori cognate response regulator, HP0703, does not affect acid survival in vitro, indicating that a different response element interacts with HP0244 for the acid response. At a medium pH of 4.5, an HP0244 regulon was identified by transcriptome analysis, and this regulon contains 22 genes other than the genes regulated by HP0703, including the acclimation genes ureA, ureB, ureI, and amiE. An additional 86 genes were found to be regulated by HP0244 at a medium pH of 2.5 with 30 mM urea. These genes include additional members of the acid acclimation group, ureF, rocF (arginase), and ansB (asparaginase). These results indicate that HP0244 is a cytoplasmic pH-responsive histidine kinase, which adds to the role of this protein as a regulator of flagellar gene expression.
MATERIALS AND METHODS
Bacterial strains and growth conditions. H. pylori strain 26695 was obtained from the American Type Culture Collection. HP0244 gene-deficient mutant 26695/⌬HP0244::km and HP0703 gene-deficient mutant 26695/⌬HP0703::km were constructed by allelic exchange using a kanamycin resistance gene as described below. Primary plate cultures of H. pylori were grown from glycerol stocks on blood agar for 2 to 3 days in a microaerobic environment (5% O 2 , 10% CO 2 , 85% N 2 ) at 37°C. In preparation for an experiment, bacteria were scraped from the plates, suspended in 1 mM phosphate HP buffer (138 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 0.5 mM MgCl 2 , 10 mM glucose, 1 mM glutamine; pH 7.0), transferred to fresh plates, and incubated for 24 h. For exposure to experimental low-pH conditions, overnight cultures of H. pylori strain 26695 on Trypticase soy agar (TSA) plates supplemented with 5% sheep blood were suspended in brain heart infusion (BHI) medium (Difco) to obtain an optical density at 600 nm of about 0.20 to 0.25. The pH of BHI medium was adjusted to 7.4, 4.5, or 2.5 using concentrated HCl, and this was followed by filtration to remove any precipitate. H. pylori was then incubated in the presence of urea (at the concentrations indicated below) with shaking (120 rpm) under microaerobic conditions at 37°C for 30 min. Escherichia coli strains were grown in Luria-Bertani broth. When necessary, antibiotics were added at the following final concentrations: ampicillin, 100 g/ml; kanamycin, 50 g/ml; and chloramphenicol, 30 g/ml. The motility of H. pylori strains was assayed by stab inoculating bacteria with a pipette tip onto 0.3% agar plates containing BHI medium and Dent's antibiotic supplement.
Construction of H. pylori mutant strains 26695/⌬HP0244::km and 26695/ ⌬HP0703::km by allelic exchange mutagenesis. The isogenic HP0244 gene-deficient mutant 26695/HP0244::km was obtained by transforming H. pylori strain 26695 with a pBluescript II vector (Stratagene) carrying the Tn903 kanamycin resistance gene (41) flanked by a 369-bp fragment comprising the 313-bp 3Ј region of the HP0245 gene and the 56-bp 5Ј region of the HP0244 gene and by a 407-bp fragment comprising the 199-bp intergenic region between the HP0244 and HP0243 genes and the 208-bp 5Ј region of the HP0243 gene (Fig. 1A) . The (Table 1) , respectively. In the resulting mutants almost the entire HP0244 gene coding sequence was replaced by the kanamycin gene. Measurement of gene expression in the deletion mutant identified genes that were downregulated in the mutant and hence positively regulated in the wild-type strain.
To construct an H. pylori HP0703 gene-deficient strain (26695/⌬HP0703::km), a pBluescript II vector (Stratagene) carrying the kanamycin resistance cassette flanked by a 465-bp fragment comprising 277 bp of the 3Ј region of the HP0702 open reading frame (ORF) and 191 bp of the 5Ј region of the HP0703 ORF and by a 484-bp fragment comprising 331 bp of the 3Ј region and 154 bp of the intergenic region downstream of the HP0703 ORF (Fig. 1C) was introduced into H. pylori strain 26695 by natural transformation. The DNA fragments were obtained by PCR amplification of chromosomal DNA of H. pylori 26695 with primers HP0702-5ЈP(4424-4448)-KpnI and HP0703-3ЈP(4888-4864)-EcoRI and primers HP0703-5ЈP(5512-5534)-BamHI and HP0703-3ЈP(5995-5971)-SacI (Table 1), respectively. In the resulting strain (26695/⌬HP0703::km) the center part (625 bp) of the HP0703 gene was replaced by a kanamycin resistance cassette. The kanamycin-selected mutant strains were confirmed by PCR.
Reintroduction of the HP0244 ORF. To restore the HP0244 ORF in the HP0246-HP0244 operon of strain 26695/⌬HP0244::km, a pBluescript II vector carrying a chloramphenicol resistance cassette (47) flanked by a 1,452-bp fragment comprising a 313-bp 3Ј region of the HP0245 gene and the complete 1,146-bp HP0244 ORF and by a 407-bp fragment comprising the 199-bp intergenic region between the HP0244 and HP0243 genes and the 208-bp 5Ј region of the HP0243 gene ( (Table 1) , respectively. In the resulting strain (26695/ rHP0244-cm) the disrupted HP0244 ORF and kanamycin resistance cassette were replaced by a complete HP0244 ORF and a chloramphenicol resistance cassette. The chloramphenicol-resistant and kanamycin-sensitive transformants were examined by PCR to confirm that the kanamycin resistance cassette was replaced by the HP0244 ORF and that there was concomitant integration of the chloramphenicol resistance cassette.
Acid survival studies. H. pylori wild-type strain 26695, the HP0244 genedeficient mutant, the strain with the HP0244 gene restored, and the HP0703 gene-deficient mutant were grown overnight on BHI agar plates with appropriate antibiotics. The bacteria were removed from the plates and then resuspended at a concentration of 1 ϫ 10 9 cells/ml in 10 ml of BHI medium at pH 7.4, at pH 4.5 without urea, or at pH 2.5 with 10, 20, or 30 mM urea and incubated for 30 min in a microaerobic environment at 37°C. The higher concentrations of urea under the latter conditions were used to provide more buffering capacity at the acidic pH to retain mRNA integrity for microarray studies. Tenfold serial dilutions of the bacterial suspensions were spread on TSA plates supplemented with 5% sheep blood and incubated for 3 to 5 days in a microaerobic atmosphere at 37°C before quantitation of bacterial colonies based on counts on petri dishes and calculation of the number of CFU. The survival under acidic pH conditions was determined by comparison to pH 7.4 controls. All experiments were performed in duplicate, and at least four independent experiments were performed for each condition.
RNA preparation. Total RNA was isolated from H. pylori strains using TRIzol reagent (Invitrogen, California) combined with RNeasy columns (Qiagen, California). Each bacterial pellet was resuspended in 500 l of TRIzol reagent (Invitrogen) and lysed at room temperature for 5 min before 100 l of chloroform was added. After centrifugation at 12,000 ϫ g for 10 min at 4°C, the supernatant was mixed with 250 l ethanol and applied to an RNeasy spin column (Qiagen), and then the RNA was purified by following the manufacturer's instructions (beginning with application to the column). The RNA concentration was determined by determining the absorbance at 260 nm, and the quality was evaluated by capillary electrophoresis using an Agilent 2100 bioanalyzer with an RNA 6000 Nano assay kit (Agilent Technologies).
Fluorescent cDNA labeling and microarray analysis. For each comparative array hybridization, labeled cDNA was synthesized by reverse transcription from RNAs of the wild-type strain after treatment at pH 7.4, at pH 4.5 without urea, or at pH 2.5 (30 mM urea) with Cy5-dCTP and from RNAs of the HP0244 gene-deficient mutant strain (after treatment under the different pH conditions) with Cy3-dCTP, using a Superscript II reverse transcription kit (Invitrogen). For each reverse transcription reaction, 1 g of random primers (Invitrogen) and 40 g of H. pylori RNA were mixed in a 12.5-l (final volume) mixture, heated to 70°C for 10 min, and chilled on ice. Fluorescent cDNA probe synthesis was performed at 42°C for 3 h using a 25-l reaction mixture containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dTTP, 0.2 mM dCTP, 0.1 mM Cy3-or Cy5-conjugated dCTP (Amersham), 40 U RNasin (Promega), and 200 U Superscript II reverse transcriptase (Invitrogen.). Following reverse transcription, the RNA template was degraded by incubating it for 40 min at 65°C in 0.27 M NaOH, followed by neutralization with Tris-HCl buffer. Labeled cDNA was purified and concentrated prior to hybridization using Microcon 30 concentrators (Amicon).
H. pylori microarrays containing 1,534 predicted ORFs of H. pylori strain 26695 (50) were hybridized in a 20-l (final volume) mixture containing 3ϫ SSC, 0.8 mg/ml salmon sperm DNA, and 0.2% sodium dodecyl sulfate (SDS) (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Prior to hybridization, combined Cy3-and Cy5-labeled probes (representing mutant and wild-type strains) were heated to 95°C for 2 min and pipetted directly onto microarray slides. A glass coverslip (22 by 22 mm) was applied to each slide, and the arrays were hybridized overnight at 65°C in a humidified hybridization chamber. Following hybridization, the slides were washed for 5 min in 0.2ϫ SSC with 0.1% SDS and then twice (3 min each) in 0.2ϫ SSC and rinsed in 0.05ϫ SSC. To remove the residual salts, the slides were spun at 500 rpm for 5 min prior to scanning.
Signal intensities for each spot were determined using Phoretix Array software (Nonlinear Dynamic). Following subtraction of the background value, signal intensities were expressed as percentages of the total signal for all spots as a means of normalization. The values were used to determine the ratio of wild-type signals to HP0244 gene-deficient mutant signals. A threshold minimum acceptable signal (two standard deviations above the background intensity) was used to eliminate expression ratios that were extremely high or low due to signals that were too low for wild-type or mutant samples. A t test was used to determine the consistency of ratios across replicate hybridizations. Only genes whose ratios showed that there was a Ն2-fold change (either increase or decrease) and that had a 95% confidence interval as determined by the t test were considered significantly regulated genes.
Northern blot analysis. Fifteen-microgram portions of total RNA from different H. pylori samples were fractionated on 1% agarose-formaldehyde gels and transferred to NYTRAN membranes (Schleicher & Schuell, Keene, NH). The RNA on the gels was visualized by ethidium bromide staining and photographed before it was transferred to NYTRAN membranes.
DNA fragments of the ureA (HP0073), ureI (HP0071), and amiE (HP0294) genes were PCR amplified from genomic DNA of H. pylori 26695 with the primer pairs pHP0072-0073R_5Ј/HP0073_3Ј(580-603), HP0071_5Ј(249-272)/ HP0071_3Ј(821-840), and HP0294_5Ј(510-533)/HP0294_3Ј(922-901) ( Table  1 ) and used as probes. The probes were radiolabeled with [␣-32 P]dCTP using a random primer labeling kit (Stratagene, La Jolla, CA) to obtain specific activities of about 1 ϫ 10 8 to 10 ϫ 10 8 cpm/g. Each blot was hybridized (9) with radiolabeled probe overnight at 65°C in a buffer containing 0.45 M sodium phosphate (pH 7.2), 7% SDS, 1% bovine serum albumin, and 20 mM EDTA. The hybridized blot was washed with 0.1ϫ SSC-0.1% SDS at 65°C and autoradiographed using a 445 SI PhosphorImager (Molecular Dynamics, Sunnyvale, CA). 
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Construction of HP0703-His 6 expression plasmid. The DNA fragment coding for response regulator HP0703 was amplified by PCR using genomic DNA from H. pylori strain 26695 as the template and primers HP0703-FP(4693-4720) and HP0703-RP(5820-5844). The 5Ј primer HP0703-FP(4693-4720) contained a 4-nucleotide sequence (CACC) immediately 5Ј of the ATG starting codon to facilitate directional cloning into the pET100/D-TOPO vector (Invitrogen), which allowed expression of recombinant HP0703 with an N-terminal tag containing the Xpress epitope and a six-His tag. The nucleotide sequences of the cloned PCR products were verified by sequencing both strands.
Overproduction and purification of HP0703-His 6 . HP0703-His 6 recombinant protein was expressed in E. coli BL21 Star(DE3) containing plasmid pET100/ D-TOPO-HP0703. Bacteria were grown in 50 ml of Luria-Bertani broth at 37°C to an optical density at 600 nm of 0.5. Subsequently, isopropyl-1-thio-␤-D-galactopyranoside was added to a final concentration of 1 mM, and the bacteria were incubated for 2 h. Cells were harvested and suspended in 8 ml of native binding buffer (50 mM NaH 2 PO 4 , 500 mM NaCl, 10 mM Tris-HCl; pH 8.0) with 10 mM imidazole and 1 mg/ml lysozyme. After incubation on ice for 30 min, the bacteria were disrupted by sonication. The cell debris was pelleted by centrifugation, and 8 ml of the supernatant was added to a purification column containing 1.5 ml of 50% Ni-nitrilotriacetic acid resin (Invitrogen) and incubated for 3 h at room temperature on an orbital shaker. The column was washed four times with 8 ml of native wash buffer (50 mM NaH 2 PO 4 , 500 mM NaCl, 10 mM Tris-HCl [pH 8 .0], 20 mM imidazole). His-tagged proteins were eluted with 8 ml of native elution buffer (50 mM NaH 2 PO 4 , 500 mM NaCl, 10 mM Tris-HCl [pH 8.0], 250 mM imidazole). An aliquot (10 l) of each eluted fraction was analyzed by SDS-polyacrylamide gel electrophoresis, and the fractions with purified proteins were concentrated and desalted using Amicon Ultra-4 centrifugal filter devices (Millipore).
EMSA. DNA fragments corresponding to the promoter regions of the ureAB, ureI, and flgBC genes were generated by performing PCR with primer pairs pHP0073-0072R_5Ј/pHP0073-0072R_3Ј, pHP0067-0071R_5Ј/pHP0067-0071R_3Ј, and pHP1559-HP1558_5Ј/pHP1559-HP1558_3Ј (Table 1 ) and used as probes. These probes were 5Ј end labeled radioactively by using T4 polynucleotide kinase and [␥- 33 P]ATP (50 Ci). A sample of recombinant HP0703-His 6 was phosphorylated in vitro in a buffer containing 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 25 mM KCl, 1 mM dithiothreitol, and 10 mM carbamylphosphate for 60 min at 25°C. Binding of HP0703-His 6 ϳP or HP0166-His 6 ϳP (49) (as a control) to DNA was carried out by using a 10-l reaction mixture containing 10 4 cpm of 33 P-labeled DNA, 1 g of poly(dI-dC) (Sigma), 25 mM NaPO 4 (pH 7), 150 mM NaCl, 0.1 mM MgSO 4 , and 1 mM dithiothreitol. The DNA binding reaction was initiated by addition of HP0703-His 6 , and the mixture was incubated at room temperature for 20 min. Radiolabeled PCR-generated probes corresponding to the promoter-regulatory regions for the ureAB, ureI, and flgBC genes were incubated with different amounts of purified HP0703-His 6 . Cold competitor chase experiments performed with a 50-fold excess of unlabeled probe as a specific competitor were used to demonstrate the specificity of HP0703 binding. Samples were then loaded directly onto a 6% DNA retardation polyacrylamide gel (Invitrogen). Electrophoresis was carried out for 1 h at room temperature (14 V/cm), and the gels were then dried and analyzed by autoradiography. Each electrophoretic mobility shift assay (EMSA) experiment was repeated at least three times.
Transcriptome data accession number. All transcriptome data described here have been deposited in the NCBI Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) under GEO series accession number GSE12900.
RESULTS

HP0244 (FlgS)
is not required for acid survival of H. pylori at pH 4.5 but is required at pH 2.5. To explore a possible role of HP0244 in the adaptation of H. pylori to acid, the 26695 wild-type strain and the HP0244 gene-deficient mutant 26695/⌬HP0244::km were used in an acid survival analysis (Fig. 2) . After 30 min of exposure to pH 4.5 without urea (the final pH was 4.64 Ϯ 0.03), there was no significant difference in survival between the 26695/⌬HP0244::km mutant and the wildtype control at pH 7.4. This showed that HP0244 was not required for acid survival at a medium pH of 4.5 without urea, which resulted in different acidic pH values in the periplasm and cytoplasm at 100 s [pH 4.5 and 5.3, respectively, as determined by using 2Ј,7Ј-bis-(2-carboxyethyl)-5(and 6)-carboxyfluorescein (BCECF) fluorescence] (50) but the same pH in the cytoplasm and periplasm after 30 min (pH ϳ4.5). However, at a medium pH of 2.5 with 10 mM urea (the final pH was 3.07 Ϯ 0.16 after 30 min), a significant ϳ7-log 10 decrease in survival was observed for strain 26695/⌬HP0244::km.
To verify that the observed defect in acid survival was due specifically to mutation of HP0244, we reversed the mutation by replacing the mutated locus with an intact copy of the HP0244 ORF and performed acid survival studies with reversion strain 26695/rHP0244-cm. The results (Fig. 2) showed that reintroduction of the HP0244 ORF into H. pylori 26696/⌬HP0244::km fully restored acid survival at pH 2.5. Therefore, HP0244 is involved in acid survival. This is the first time that HP0244 has been found to be implicated in the acid responses of H. pylori. The acid survival defect of the 26695/⌬HP0244::km mutant is not due to the nonmotile phenotype. The HP0244-HP0703 (FlgSR) two-component system has been demonstrated to be required for motility and expression of 54 -dependent flagellar genes (6, 24, 38) . To determine if the acid survival defect of the 26695/⌬HP0244::km mutant is due to the nonmotile phenotype, a mutant strain (26695/⌬HP0703::km) with HP0703 (a response regulator of HP0244 [24] ) deleted was generated by allelic exchange mutagenesis of the H. pylori 26695 strain. In vitro acid survival analysis of this mutant did not reveal any significant defect in acid survival at pH 2.5 (Fig. 3A) , while mutants 26695/⌬HP0244::km and 26695/⌬HP0703::km showed similar nonmotile phenotypes in a motility assay (Fig. 3B ). These results demonstrate that the acid survival defect of the 26695/⌬HP0244::km mutant is not due to a lack of motility.
Two HP0244 regulons (a pH-independent regulon and a pH-dependent regulon) identified by transcriptional profiling. To define the HP0244 acid-responsive regulon in H. pylori, RNA was isolated from the 26695 wild-type strain and the HP0244 gene-deficient mutant 26695/⌬HP0244::km subjected to three different pH conditions (pH 7.4, pH 4.5 without urea, and pH 2.5 with 30 mM urea) for 30 min. The higher urea concentration at pH 2.5 was necessary to improve the quality of the RNA so that it was suitable for transcriptome analysis following exposure to pH 2.5. In contrast to the results obtained with 10 mM urea, where the level of survival decreased by ϳ7 log 10 , in the presence of 30 mM urea (the final pH after 30 min was 4.24 Ϯ 0.04) the level of survival was about ϳ1 log 10 less than that of the wild type (data not shown). These results indicated that under these conditions the gene regulation by HP0244 was different from that observed at pH 4.5 due to the lower pH of the medium. Fluorescently labeled cDNAs from the wild-type strain (labeled with Cy3) and 26695/⌬HP0244::km (labeled with Cy5) were prepared from the RNAs, and the differentially labeled cDNA pairs derived from the H. pylori wild-type strain and HP0244 mutant under each pH condition were hybridized to glass slide DNA microarrays containing 1,534 ORFs of H. pylori strain 26695 (50) .
The genes that are regulated by HP0244 were classified into three groups. One group was always independent of pH and included the genes responsible for regulation of flagellar gene expression, the genes in the second group responded to a medium pH of 4.5, and the genes in the third group responded only to a medium pH of 2.5.
Seventeen genes in the first group were determined to be differentially expressed in the HP0244 mutant under all three pH conditions using signal ratio cutoff values of Ͻ0.5 and Ͼ2.0 ( Table 2 ). All of these genes were regulated by HP0244 with a signal ratio (wild type/⌬HP0244) of Ͼ2.0. No genes negatively regulated by HP0244 with a wild type/⌬HP0244 ratio of Ͻ0.5 were found. Thirteen of these genes (Table 2 ) are in the HP0244 regulon identified by Niehus et al., who used H. pylori strain N6 at neutral pH in their study (24) . genes) that belong to the intermediate class of structural and regulatory flagellar genes which are controlled by more than one promoter. In addition, an operon consisting of three genes (HP0695, HP0696, and HP0697 genes) that may be involved in acetone metabolism (27) and the HP1111 gene encoding a ␤ subunit of pyruvate ferredoxin oxidoreductase were also identified as part of the HP0244 regulon under all three pH conditions. The consistent upregulation by HP0244 at pH 7.4, 4.5, and 2.5 shows that a pH-independent HP0244 regulon is responsible for regulation of flagellar gene expression. Twenty-two genes in the second group were found to be regulated by HP0244 in response to a medium pH of 4.5 without urea. These findings reflect a pH-dependent HP0244 regulon involved in the acid adaptation of H. pylori. As shown in Table 3 , four of the acid acclimation genes (29, 33, 35) (ureA, ureB, ureI, and amiE) were in this HP0244 pH 4.5 regulon. However, data for the levels of expression of all of these genes except ureI did not reveal further upregulation at pH 2.5.
Eighty-six genes in the third group were found to be positively regulated by HP0244 in response to a lower medium pH (pH 2.5 with 30 mM urea) ( (3, 13) are also members of the HP0244 regulon (Table 4 ). This group also contained 14 genes involved in outer membrane protein synthesis, as well as the HP0243 gene [napA], another stress response gene (10) , suggesting that HP0244 may be involved in regulation of a stress response induced by low medium pH (pH ϳ2.5).
The results of transcriptional profiling of the HP0244 genedeficient H. pylori mutant under different pH conditions support the concept that HP0244 is one of the factors that contributes to 54 activation to coordinate flagellar biosynthesis. This unusual NtrB-like histidine kinase lacking transmembrane domains has been shown to be required for acid survival in H. pylori exposed to pH 2.5. Together with the transcriptional profile results for pH 4.5 and 2.5, the data suggest that HP0244 may also play an important role in the acid regulatory network by sensing and responding to a drastic decrease in the medium pH.
Validation of the microarray data. To validate results for the HP0244 regulon that is involved in the acid response (pHdependent HP0244 regulon), Northern blot analysis was performed with equal amounts of total RNAs extracted from H. pylori strain 26695 and HP0244 gene-deficient mutant 26695/⌬HP0244::km which had been exposed to either neutral pH (pH 7.4) or a low pH (pH 4.5 or 2.5) for 30 min. Probes corresponding to the acid acclimation genes found in the pHdependent HP0244 regulon, ureI, amiE, and ureAB, were used for the Northern blot analysis.
The Northern blot analysis revealed double bands for the HP0071 (ureI) transcript at 1.0 and 0.8 kb (corresponding to ureIE and ureI, respectively) (Fig. 4A) . In the 26695 wild-type strain, transcription of ureI was induced at pH 4.5 and 2.5 (the transcription was about two-to threefold greater than that at pH 7.4). By contrast, no significant change in the level of transcription of ureI in the HP0244 gene-deficient mutant was observed when the bacteria were exposed to pH 7.4 and low-pH conditions (pH 4.5 or 2.5) (Fig. 4A) .
A single band (ϳ1.2 kb) was obtained for the HP0294 (amiE) transcript (Fig. 4B) . As observed for ureI, the level of transcription of amiE in the 26695 wild-type strain increased about twofold when the bacteria were exposed to low-pH conditions. A relatively small increase in the level of transcription of amiE was observed for the HP0244 gene-deficient mutant in response to pH 4.5, suggesting that some regulatory system other than HP0244 may be also responsible for the upregulation of amiE in response to low pH. A major band at 2.7 kb for HP0073-HP0072 (ureAB) obtained with a ureA probe was found to be upregulated about three-to fourfold in the wild-type strain in response to low-pH conditions (pH 4.5 and 2.5) compared to the results for bacteria treated at pH 7.4. However, no significant change in the level of transcription of the 2.7-kb ureAB gene was observed for the HP0244 gene-deficient mutant exposed to low-pH conditions (Fig. 4C) . This confirms that the ureAB genes are upregulated by HP0244 in response to low pH.
The cognate response regulator HP0703 (FlgR) is not directly involved in the acid-induced transcriptional regulation of the acid acclimation genes by HP0244. Although regulation of the ureAB genes by HP0244 in response to low pH was confirmed by Northern blot analysis, the observed regulation may have been a result of transcriptional control directly regulated by HP0703, or regulation may have occurred via a different response pathway. To test if the response regulator HP0703 is involved in the acid-induced transcriptional regulation of the acid acclimation genes ureAB and ureI, the HP0703-His 6 protein was overexpressed in E. coli and purified for use in EMSA with radioactively labeled probes for the promoters of both ureAB and ureI. A probe for the promoter of the HP1559 and HP1558 genes (flgBC) was used as a positive control.
The absence of a gel shift in EMSA showed that there was no direct binding of phosphorylated HP0703 to either the ureAB or ureI promoter probe ( Fig. 5A and B) . As a control, a 206-bp probe for the promoter of the flgBC genes, which belong to the intermediate class of flagellar genes (24) and were shown previously to be under the control of HP0703 (38) , was found to interact directly with in vitro-phosphorylated HP0703 by a gel shift analysis with 30 pmol of HP0703-His 6 ϳP (Fig.  5C ). In another control, EMSA with HP0166 showed that there was a direct interaction between HP0166-His 6 and the ureAB promoter (Fig. 5D) , confirming that the ureAB promoter is directly regulated by HP0166. These results show that although HP0703 regulates the flagellar genes in tandem with HP0244, it does not regulate the acid-responsive expression of the ureAB and ureI genes.
DISCUSSION
H. pylori encounters a wide range of acidic pH conditions (pHs between ϳ1.0 and ϳ4.5) over a 24-h period in the human stomach (43) . In order to colonize the human stomach, H. pylori has evolved acid adaptation mechanisms (35) that regulate gene expression and cellular functions in response to pH changes in both the periplasm and cytoplasm. There is a group of genes that can contribute to pH regulation under different conditions, which we have termed acid acclimation genes (35). Several reports have shown that the HP0165-HP0166 (ArsSR) two-component system provides one of the signaling pathways that regulate the expression of most of the acid acclimation genes in response to pH 5.0 or 4.5 (28-30, 48, 49) . Consistent with these reports, an acid survival analysis with an HP0165 gene-deficient mutant showed that HP0165 is required for growth of H. pylori at pH 5.0 (19) . The deduced amino acid sequence of HP0165 (1, 44) shows that it is a membrane-bound sensor histidine kinase with two transmembrane domains and a periplasmic, histidine-rich input domain. Therefore, HP0165 belongs to the largest group of sensors, the periplasmic (or extracellular) sensing histidine kinases, which includes proteins with an extracellular sensory domain framed by at least two transmembrane helices (22) . Considering its function in acid-responsive regulation and its domain architecture (i.e., membrane topology, number of transmembrane helices, and sequential arrangement of the sensory domain in its N-terminal input domain), HP0165 functions as a periplasmic pH-sensing histidine kinase. However, this sensor kinase might not be sufficient for mounting an adequately robust response to a highly acidic environment.
The sensor histidine kinase HP0244 and its response regulator HP0703 are required for expression of the 54 -dependent flagellar genes (4, 24, 38) . The acid survival analysis performed in this study showed that HP0244 is not required for acid survival at pH 4.5 (Fig. 2) . A similar finding was obtained in a separate study performed with H. pylori strain J99 at pH 5.0 (19) . However, both conditions used in the two studies generated only a mildly acidic pH in the cytoplasm (pH 5.3 to 6.5) as measured by using the pH-sensitive cytoplasmic fluorescent probe BCECF-AM (50) .
Our results show that HP0244 is required for acid survival when H. pylori cells are exposed to a medium with a pH of 2.5 and with 10 mM urea (Fig. 2) , whereas the wild type survives at this pH with 1 mM urea (35) . The domain architecture of HP0244 based on its deduced amino acid sequence (1, 44) shows that this protein is soluble and belongs to the secondlargest group of sensor kinases, the cytoplasmic-sensing histidine kinases (22) .
Like findings for HP0165, it has been demonstrated that an isogenic mutant of H. pylori P76 with the HP0244 ORF encoding (25) . However, HP0244 coordinately regulates motility (6, 38) via its cognate response regulator, HP0703 (FlgR), which has been shown to be an essential colonization factor in H. pylori (11, 42) . This raises the question of whether the degree of motility of H. pylori also correlates with the degree of acid survival in vitro. Our results (Fig. 3) demonstrated that, although HP0244 and HP0703 knockout mutant strains showed equivalent losses of motility (Fig.  3B) , the nonmotile HP0703 mutant was able to survive acid treatment at pH 2.5 as well as the wild-type strain (Fig. 3A) . Thus, the defect in acid survival of the HP0244 mutant in vitro was not due to a loss of motility. However, it is not possible to distinguish between loss of motility and loss of the acid adaptation response as factors responsible for loss of infectivity, since motility is essential for infection (42) . Whole-genome transcriptional profiling is required for comprehensive analysis of bacterial stimulons and regulons and has been used for characterization of H. pylori null mutants with mutations in the HP0244 and HP0703 two-component genes (24) . In H. pylori strains N6 and 88-3887, the HP0703-HP0244 (FlgRS) two-component system, together with 54 RpoN, was shown to regulate transcription of the class 2 flagellar genes encoding the flagellar hook protein (FlgE1), hook-filament adapter proteins (FlgK and FlgL), and the minor flagellin subunit FlaB. In addition, the HP0869 (hypA) gene encoding a nickel-binding protein involved in hydrogenase and urease maturation and some other genes encoding proteins with unknown functions have been found to be regulated by the HP0244-HP0703 two-component system at neutral pH (24) .
HP0703 is the response regulator responsible for transcriptional regulation of flagellar genes (4, 38) . However, our EMSA results (Fig. 5) show that in vitro-phosphorylated HP0703 does not directly regulate the acid-responsive expression of ureAB and ureI, as expected from the acid survival results showing that the HP0703 gene-deficient mutant was able to survive acid treatment at pH 2.5 (Fig. 3) . Therefore, the transcriptional regulation of the acid acclimation genes in response to acidic pH sensed by HP0244 is not a result of direct transcriptional control by HP0703, suggesting that there must be a pathway outside the HP0703 regulon in the cytoplasm which transduces the acid-responsive signal sensed by HP0244.
Acid survival studies ( Fig. 2 and 3A) showed that HP0244 is required for acid survival of H. pylori at pH 2.5 with 10 mM urea. Further, the transcription levels of several genes at both pH 4.5 and 2.5 were lower in the HP0244 deletion mutant. This suggests that besides its role in regulating flagellar biosynthesis, HP0244 may also play an important role in H. pylori by regulating gene expression in response to a decrease in the pH. Thus, HP0244 may have an acid-dependent regulon that responds to low pH and is distinct from the regulon involved in flagellar gene expression.
To identify the pH-dependent HP0244 regulon, we compared the gene expression of the H. pylori 26695 wild-type and 26695/⌬HP0244::km mutant strains at pH 7.4 and under acidic pH conditions (pH 4.5 and 2.5) by using microarray analysis. In addition to a pH-independent HP0244 regulon that is constantly regulated by HP0244 under neutral and both acidic pH conditions tested, there is also a two-part pH-dependent HP0244 regulon consisting of 22 genes specifically regulated by HP0244 in response to pH 4.5 (Table 3 ) and 86 genes that are regulated by HP0244 at pH 2.5 ( Table 4) . Seven of the 12 acid acclimation group of genes (33, 35) (ureA, ureB, ureI, ureF, amiE, rocF, and ansB) potentially involved in pH homeostasis (50) were found to be in the pH-dependent HP0244 regulon (Tables 3 and 4) . Six of these acid acclimation genes are also in the HP0165 regulon (28) , showing the overlap between the two histidine kinase systems. However, about 82% of the genes in the pH-dependent HP0244 regulon were not present in the HP0165 regulon, eliminating the possibility that the two histidine kinases (HP0244 and HP0165) use only a common signaling pathway of the response regulator HP0166 for transcrip- FIG. 4 . Low-pH-induced transcription of the HP0071 (ureI), HP0294 (amiE), and HP0073 (ureAB) genes is HP0244 dependent. Total RNAs were extracted from H. pylori wild-type strain 26695 (lanes ϩ) and the flgS mutant strain 26695/⌬HP0244::km (lanes Ϫ) which were exposed to neutral pH (pH 7.4) (lanes 1 and 2), a low pH (pH 4.5 without urea) (lanes 3 and 4), or a lower pH (pH 2.5 with 30 mM urea) (lanes 5 and 6) for 30 min. RNAs were analyzed by Northern blotting with the HP0071 (ureI) (A), HP0294 (amiE) (B), and HP0073 (ureA) (C) gene-specific probes. Ethidium bromide staining of the gel showed that equal amounts of RNA were analyzed. The size standards used were the 16S and 23S rRNA species. The results for pH 2.5 were obtained in experiments separate from the experiments used to obtain the results for pH 7.4 and 4.5.
tional regulation. The pH-responsive HP0244 regulon includes not only some acid acclimation genes that may contribute to pH homeostasis but also genes that may reflect a more general stress response induced by an acidic pH. Similarly, the periplasm-sensing kinase HP0165 regulates several pH homeostatic genes, as well as other genes that are expressed as a function of pH changes largely in the periplasm (30) .
Soluble cytoplasm-sensing histidine kinases are able to respond to environmental stimuli that have direct access to the cell cytoplasm by transmission (e.g., light for phytochrome photoreceptors) (15, 45) or diffusion (including H 2 , H ϩ , etc.). In Ralstonia eutropha, expression of the genes encoding the hydrogenase and of the accessory genes requires activation by a soluble cytoplasmsensing two-component system, the HoxJ and HoxA proteins (5, 17) . Recognition of H 2 is mediated by a signal transduction/ sensory complex formed by the histidine kinase HoxJ and a sensory Ni-Fe hydrogenase, HoxBC, which functions as the H 2 sensor (16, 18, 36) . In responding to the level of H 2 , HoxJ turns on and off its autophosphorylation with the histidine kinase activity, resulting in phosphorylation and dephosphorylation of the cognate response regulator HoxA, which leads to transcriptional regulation of the hydrogenase genes.
It is not clear how changes in pH are recognized by HP0244. A domain architecture analysis of the N-terminal amino acid sequence of HP0244 (excluding the histidine kinase domain in the C terminus) with Simple Modular Architecture Research Tool (http://smart.embl-heidelberg.de/) revealed a PAS domain that starts at position 86 and ends at position 152. PAS domains (initially identified in the Per, Arnt, and Sim proteins) are involved in many signaling proteins, where they are used as signal sensor domains in the cytoplasm (32) . PAS domains can sense environmental factors that cross the cell membrane, such as light, redox potential, oxygen, and small ligands, and the overall energy level of a cell by monitoring the proton motive force (40, 52) . The latter changes as a function of the pH gradient across the inner membrane. The PAS domain may also play a role in protein-protein interaction as it has a concave front surface similar to that of PAS domains known to interact with other proteins (51) . Therefore, pH changes may be recognized by HP0244 by formation of a pH sensory complex with other proteins via the PAS domain of this kinase.
The current study provided evidence that the sensor HP0244 is involved in the acid adaptation response to low medium pH that may result in a significantly acidic cytoplasmic pH. This sensor complements the HP0165 sensor that generates an acid adaptation response to a decrease in the periplasmic pH via HP0166 as the response regulator. Hence, H. pylori has at least two twocomponent histidine kinases that respond to pH changes in both the periplasm and cytoplasm, which results in a pH-responsive network that is likely required for efficient acid adaptation to the varying gastric environment in which this pathogen lives.
